Abstract: Naturally split inteins mediate a traceless protein ligation process known as protein trans-splicing (PTS). Although frequently used in protein engineering applications, the efficiency of PTS can be reduced by the tendency of some split intein fusion constructs to aggregate; a consequence of the fragmented nature of the split intein itself or the polypeptide to which it is fused (the extein). Here, we report a strategy to help address this liability. This involves embedding the split intein within a protein sequence designed to stabilize either the intein fragment itself or the appended extein. We expect this approach to increase the scope of PTS-based protein engineering efforts.
Introduction
Inteins are intervening protein domains found inserted within the sequence of what would otherwise be a fully functioning external protein (extein). 1, 2 The intein undergoes a spontaneous posttranslational autoprocessing event, protein splicing, in which it self-excises while simultaneously ligating the flanking extein segments. Most identified inteins exist as a contiguous domain, and the splicing reaction occurs in cis . All naturally split inteins characterized to date are asymmetric in nature; [3] [4] [5] [6] typically the Nterminal fragment (Int N ) is around 100 amino acid residues long, while the smaller C-terminal fragment (Int C ) contains 35 residues. Interestingly, most of these "canonical" naturally split inteins exhibit extremely fast splicing kinetics in the context of their native extein residues. [4] [5] [6] [7] For example, many members of the cyanobacterial DnaE split intein family support PTS with half-lives on the order of a few minutes, and in some cases tens of seconds. 5, 7 This facile reactivity, combined with the 5 We recently applied a consensus protein design approach to the DnaE split intein family. 10 This led to a split intein pair, Cfa N and Cfa C , which is able to carry out efficient PTS under a diverse set of reaction conditions, including high temperature and in the presence of chaotropes. Notably, extein fusions to the Cfa N fragment exhibited increased expression yields in both bacterial and mammalian cells, compared to natural DnaE Int N inteins. The success of this consensus engineering strategy relied heavily on a deep understanding of the DnaE system, gained over many years, as well as the availability of a large number of family members from which to construct the final consensus sequence. [3] [4] [5] 7, 11 In general, this type of information is not available for other naturally split inteins, which continue to be identified from metagenomic data. 6, 12 More general strategies to enhance stability across both existing and yet to be discovered families of inteins would thus be beneficial. Herein, we offer two related approaches to this problem, both of which involve embedding the split intein within a protein sequence designed to stabilize either the intein fragment itself or the appended extein. Collectively, these strategies are expected to aid with the generation of engineered proteins using PTS. 
Results
We recently reported a strategy to conditionally cage the activity of canonically split inteins. 13 The approach exploits the mechanism by which the split intein pair associates and folds (Fig. S2 ). Each split intein fragment is fused to a truncated version of its cognate partner, an arrangement that engenders a highly favorable (but chemically unproductive) intramolecular interaction. Consequently, the normal split intein assembly pathway is blocked and no PTS takes place. Importantly, these caged split inteins are rapidly activated upon proteolytic release of the caging fragments-for obvious reasons, we refer to these as split intein zymogens. 13 Beyond the ability to control splicing activity, we wondered whether use of this strategy would lead to a stabilization of the Int N fold and hence increase expression or splicing yield of corresponding extein fusions [ Fig. 2 Fig. 2(B) ]. Importantly, all of the caged Int N constructs exhibited efficient PTS when combined with the corresponding Int C fragment in the presence of the requisite protease trigger (Fig. S3) . One promising application of intein technology is the modification of the heavy chain (HC) of monoclonal antibodies (mAbs) with synthetic cargoes. 14, 15 Intein-based methods to modify mAbs have the potential to generate antibody drug conjugates (ADCs) with specific payloads of cytotoxic agents or synthetic antigens. Previous efforts have demonstrated that the identity of the intein directly impacts the yield of mAb HC Int N (HC-Int N ) fusion proteins. 10, 16 With this in mind, we applied the intein zymogen strategy to the production of HCInt N fusion proteins in HEK 293T cells, focusing on the gp41-1, gp41-8, IMPDH-1 and Nrdj-1 systems
which have yet to be investigated in the context of antibody conjugation. Gratifyingly, we observed an improvement in expression yield and/or PTS efficiency for all the caged HC-Int N Cage constructs relative to their uncaged counterparts [ Fig. 2(C)] . Notably, the PTS reactions went essentially to completion for all the caged inteins, which, in the case of the IMPDH-1 and Nrdj-1 systems represents a substantial improvement in yield.
Many applications of PTS necessitate fission of a protein of interest within a folded domain, resulted in partially (or completely) unfolded extein fragments being fused to the Int N and Int C sequences.
Clearly this has the potential to destabilize the constructs, lowering the final yield of spliced product. In contrast to the many efforts made to identify and design inteins with improved properties, there have been few attempts to engineer increased stability into extein sequences. A general solution to this problem is non-trivial since it must accommodate the fact that extein sequences are different in every application. From our recent efforts to increase the incorporation of truncated histones into cellular chromatin, 17 we conceived a general strategy in which the split intein is embedded between the requisite extein polypeptide and a tailored "chaperone" sequence designed to stabilize the extein [ Fig. 3(A) ]. In one version of this, the appended chaperone sequence could correspond to some missing residues from the protein from which the extein is derived such that a stable fold is restored through an intrasteric interaction. Following PTS, these chaperone residues would be replaced with the corresponding extein sequence attached to the other intein fragment, in effect resulting in a "metathesis" of the system. As a proof of concept, the intein embedding strategy was applied to the expression of the single domain protein, SUMO [ Fig. 3(B) ]. We designed three constructs; one in which full-length SUMO was fused to Cfa N (SUMO-Cfa N ), one in which the first 74 residues of SUMO were fused to Cfa N (SUMO Trunc -Cfa N ), and one in which the split intein was embedded within full-length SUMO intein at position 74 (SUMO Ext -Cfa N ). The split site was chosen based on its location within a looped region of the protein (Fig. S4) . As expected, the SUMO-Cfa N construct was found to express well in E. coli at 378C [ Fig. 3(B) ]. However, fusing the truncated (and presumably unfolded) version of SUMO to the split intein decreased the recovery of soluble protein by 7-fold [ Fig. 3(B,C) ]. Consistent with the internal chaperone idea, extension of Cfa N with the missing 25 C-terminal residues of SUMO restored soluble expression levels to near those found for SUMOCfa N [ Fig. 3(B,C) ]. A similar improvement in expression yield was also observed following an overnight expression at 188C in E. coli (Fig. S5) . Importantly, purified SUMO Ext -Cfa N possessed robust PTS activity, allowing generation of spliced product, in this case full length SUMO, after addition of the corresponding Int C -extein fragment (Fig. S6) . Lastly, ubiquitin-like-specific-protease-1 (Ulp1), which specifically recognizes the SUMO tertiary structure, was able to cleave a peptide tag from the Cterminus of the embedded intein construct (Fig. S7) . The activity of Ulp1 suggests that the SUMO C extension intrasterically stabilizes Sumo N in a manner analogous to the folded full-length SUMO protein.
Discussion
Naturally split inteins are widely employed in protein engineering studies. Applications include the segmental isotopic labeling of proteins, the generation of toxic proteins and the semisynthesis of proteins. 18, 19 Despite the broad utility of PTS, the approach can suffer from the poor behavior of the reactive polypeptides. This is a particular problem for constructs containing the Int N fragment due to its partially disordered structure. cells. An analogous method was designed to combat insolubility caused by fragmentation of the extein and improved the expression yield of a split SUMOintein fusion in E. coli.
As with most protein engineering strategies, we imagine that the impact of our intein embedding strategies on PTS will be context dependent. Indeed, the Int N caging strategy led to negligible gains in soluble protein expression for Cfa and IMPDH-1 in E. coli, whereas the other inteins tested benefited from the strategy. However, the caging strategy did lead to a major improvement in the efficiency of PTS for IMPDH-1 and Nrdj-1 when fused to the mAb-HC, despite having little impact in expression yield. Additional studies are necessary to better elucidate the specific situations that are optimal for applying the intein embedding strategies described herein, as understanding the context dependence of each strategy would serve to inform future designs and applications. Further optimization of both methods could occur through screening different linker sequences, as the impact of the linker on association of fragmented inteins and exteins was not explored in this study. Moreover, in vivo activity screens of protein trans-splicing have significantly accelerated the discovery of constructs with improved splicing activities. 5, 12, 20, 21 A comparable screen for intein expression yield, such as applying a GFP reporter, may prove to be similarly beneficial. 22 Given the improvements in expression yield and PTS efficiency reported in this study, and the potential for additional refinement, we expect the split intein embedding strategies will expand the utility of PTS-based technologies.
Materials and Methods
A detailed description of all materials, equipment, and methods used in this study can be found in the Supporting Information.
